The irradiation of gold nanorod colloids with a femtosecond laser can be tuned to induce controlled nanorod reshaping, yielding colloids with exceptionally narrow localized surface plasmon resonance bands. The process relies on a regime characterized by a gentle multishot reduction of the aspect ratio, whereas the rod shape and volume are barely affected. Successful reshaping can only occur within a narrow window of the heat dissipation rate: Low cooling rates lead to drastic morphological changes, and fast cooling has nearly no effect. Hence, a delicate balance must be achieved between irradiation fluence and surface density of the surfactant on the nanorods. This perfection process is appealing because it provides a simple, fast, reproducible, and scalable route toward gold nanorods with an optical response of exceptional quality, near the theoretical limit.
A certain degree of size and shape polydispersity is accepted as a general outcome in the synthesis of colloidal nanoparticles, but this polydispersity can diminish the functional properties of the nanoparticles relative to those of an ideal, singlesize ensemble (1) . Detrimental effects include broadening of optical features (2), conductivity losses (3) , and reduction of catalytic (4) or magnetic (5 ) activity, among others. In particular, morphological variations have a critical influence on the broadening of the localized surface plasmon resonance (LSPR) of colloidal metal nanoparticles (6) . Spectral broadening may limit the feasibility of technological applications (7 ) , which in general require optimal coupling between the LSPR frequency and that of the light excitation source (8) (9) (10) . Hence, reduction of the LSPR bandwidth has been a key driving force toward further progress in gold colloid synthesis (11, 12) .
As a paradigmatic example, efforts to improve the synthesis of gold nanorods have focused on optimizing the uniformity in the aspect ratio (r, defined as the length-to-width ratio), with the aim of achieving the narrowest possible longitudinal LSPRs (i.e., high quality factors) at specific ultraviolet, visible, and nearinfrared (UV-Vis-NIR) wavelengths (13) . Since the first electrochemical preparation of gold nanorods, with moderate dispersity in the aspect ratio (14) , the seeded growth method (15)-based on the reduction of gold salts on small premade seeds-has emerged as the most successful approach toward this goal (16) . In this method, surfactants such as hexadecyltrimethylammonium bromide (CTAB), as well as silver ions, are commonly used as colloidal stabilizers and shape-directing agents (17, 18) . Recently, the seeded growth method has been improved by the addition of organic additives, resulting in a considerable reduction of the aspect ratio polydispersity, typically from the range of 25 to 30% down to 10 to 15% (19, 20) , although this is still far away from the theoretical limit of monodispersity. Other morphologies, such as gold bipyramids, have also been shown to display narrow LSPR bands, but again, the theoretical limit could not be reached (21 ) .
Irradiation with ultrashort (femtosecond) pulses has been reported to have dramatic effects on the morphology of gold nanorods, including reshaping them into shorter rods or spheres, and even leading in some cases to fragmentation (22) (23) (24) (25) (26) . In 2000, El-Sayed and co-workers proposed the use of femtosecondpulsed laser excitation to modify the morphology of presynthesized colloidal gold nanorods (27) , but most of the progress in control over the reshaping process has been related to the influence of nanoparticle surface chemistry (24) (25) (26) . No attempt has been made to use ultrafast pulses to reduce the polydispersity in the aspect ratio of nanorod colloids. Such an impasse might be associated with the difficulties involved in controlling the complex relaxation dynamics of gold nanorods upon excitation by an ultrafast-pulsed laser.
We demonstrate that reshaping can be finely controlled by finding a balance between the energy deposited in the rods and the heat transferred to the surrounding medium. By carefully tuning the irradiation conditions, the intrinsic polydispersity can be narrowed through a gentle multishot variation of the aspect ratio. The monodispersity of the aspect ratio does not require monodispersity in the particles' size. This femtosecond laser-controlled method allows the rapid preparation of gold nanorods with exceptionally narrow aspect ratio distributions, to the extent that the longitudinal LSPR bandwidth closely matches that expected for a single particle, both in wavelength and in width. Our approach yields excellent results, even when irradiating colloids with an initially large polydispersity in aspect ratio and size. The proposed relation between complex reshaping mechanisms and simple colloidal parameters at the nanorod/water interface is in agreement with a theoretical analysis based on Monte Carlo (MC) and molecular dynamics (MD) simulations.
We irradiated gold nanorods with a longitudinal LSPR band centered at 800 nm ( Fig. 1A and  fig. S1 )-that is, the same wavelength as that of a 50-fs-pulsed Ti:sapphire laser at a repetition rate of 1 kHz (28) . The colloidal dispersion of nanorods (1 nM) synthesized by the seeded growth method was then washed and redispersed at the critical micelle concentration (cmc) of CTAB (1 mM) (17 ) . Under optimized femtosecond laser irradiation conditions (1 hour at 3.2 J/m 2 ), a dramatic transformation of the UV-Vis-NIR optical density spectrum of the colloid was observed (Fig. 1A and  fig. S2 ). The LSPR band was blueshifted by~70 nm during the irradiation; we also observed an enhancement of the maximum intensity and an exceptional reduction of the bandwidth, from 123 to 38 nm (from 0.24 to 0.09 eV) full width at half maximum (FWHM).
The residual number of nanospheres derived from seeded growth (~3%) remained essentially unchanged during the reshaping process. Fitting of the optical density spectra of the as-grown and irradiated colloids (28) indicated a reduction in the average aspect ratio from 3.6 ± 0.5 to 3.00 ± 0.05 (Fig. 1A and fig. S3 ), in good agreement with transmission electron microscopy (TEM) analysis (Fig. 1, B and C, and fig. S4 ). The final estimated dispersity in the aspect ratio (3%) was much lower than that reported for the best results in colloidal synthesis with the seeded growth method (Fig. 1A ) (19, 20) .
Additionally, minor changes were observed in the nanorod volumes [from (11.0 ± 2.0) × 10 3 to (10.0 ± 2.0) × 10 3 nm 3 ] and concentrations (typically reductions below 5%) upon irradiation. Selective removal by centrifugation of nanospheres and residual non-reshaped nanorods with high aspect ratios (>4.5) reduced the polydispersity further to 2%, and the quality of the optical density spectrum after reshaping [FWHM = 33 nm (0.08 eV)] nearly matched that calculated for a single particle with the average dimensions [FWHM = 30 nm (0.07 eV)] (Fig. 1A and fig. S5 ). Complete suppression of non-reshaped particles was achieved by irradiation of nanorods with a longitudinal LSPR band centered at 770 nm ( fig. S6 ).
Maintaining the CTAB concentration around the cmc was crucial, as reflected in the optical changes of colloids irradiated above the cmc (Fig. 1D and fig. S7 ). At high CTAB concentrations (>5.0 mM), several LSPR bands appeared, indicative of nonhomogeneous reshaping of the nanorods. MD simulations were carried out to visualize CTAB adsorption on the Au(100) surface, typically exposed at nanorod lateral facets (29) . We performed quantum calculations at the level of second-order Møller-Plesset perturbation theory to improve the current stateof-the-art CTA + force field ( fig. S8 ) (30) . Using this new model, we assessed the stability of preassembled CTAB bilayers from isothermal-isobaric MD simulations (28) . Contrary to previous assumptions (31 ) , our simulations indicate that CTAB does not adsorb as a uniform bilayer ( fig. S9 and movie S1). The packing required to achieve enough molecular cohesion is not compensated by the entropy loss necessary to stretch the hydrocarbon tails within the layer. Hence, the system evolves spontaneously into a relatively compact heterogeneous distribution of adsorbed micelles (30) .
Therefore, we studied the adsorption of fully grown micelles from solution on the surface of gold at different surfactant concentrations by tuning the size of the micelles (Fig. 1E and fig. S10 ) (30, 31) . At the cmc, with an aggregation number of 60 (32), we observed partial coverage of the substrate by a small micelle, in which a large number of water molecules were in close contact with the gold surface (31) . Above the cmc, the surfactant surface density increased through the formation of larger micelles, which considerably reduced the proximity between water molecules and the nanorod. We conclude from this analysis that the degree of surfactant coverage is likely one of the reasons behind the unsuccessful reported reshaping attempts in which nanorods were irradiated in as-synthesized conditions ( fig. S7) (24, 27, 33) . (E) Experimental (symbols) and fitted (lines) optical density spectra of the colloidal mixture before (violet) and after two-step irradiation with 800-nm 50-fs laser pulses: 1 hour at 3.2 J/m 2 (brown) and 1 hour at 3.8 J/m 2 (green).The inset shows the probability densities of aspect ratios derived from optical fits.
We confirmed the versatility of the reshaping process by preparing monodisperse nanorods at different LSPR wavelengths ( Fig. 2A and fig. S11 ). For example, the LSPR band of the colloid resulting from the previous irradiation could be further blueshifted by~30 nm upon irradiation with a femtosecond laser tuned at 750 nm. Most importantly, the ultranarrow aspect ratio distribution in the colloid (3%) was not affected by the second irradiation. We conclude that this process can be applied to colloids with longitudinal LSPR bands located in any region of the Vis-NIR spectrum, with the only limitation being the availability of femtosecond lasers with an appropriate wavelength.
Efficient reshaping of colloidal precursors with an initially high polydispersity in the aspect ratio (>20%)-obtained by mixing two batches of nanorods with different aspect ratios (3.9 ± 0.4 and 3.4 ± 0.5) and volumes [(4.0 ± 1.0) × 10 3 and (13.0 ± 2.5) × 10 3 nm 3 , respectively] at a 7:2 ratio (Fig. 2, B and C, and fig. S1 )-provides further evidence of the robustness of the method. The mixed colloid displayed a broad band because of the different longitudinal resonances of the individual components (Fig. 2E) . Upon irradiation at 800 nm in two steps (1 hour at 3.2 J/m 2 and 1 hour at 3.8 J/m 2 ), the final colloid featured an ultranarrow LSPR band centered at 710 nm [the FWHM being reduced from 208 to 43 nm (from 0.36 to 0.11 eV)] and an aspect ratio polydispersity of 3%, whereas the average difference in size between the nanorod populations was maintained (Fig. 2D) . The second irradiation step resulted in a substantial reduction in the number of non-reshaped nanorods with LSPRs above 900 nm (aspect ratio > 4.5). Excellent dispersities in the aspect ratio (4%) were also obtained by irradiating nanorods with considerably higher volumes [(9.0 ± 2.0) × 10 4 nm 3 ] (fig. S12 ). We thus confirmed that femtosecond laser-induced reshaping can be used to narrow the aspect ratio of gold nanorods with arbitrary aspect ratios and volumes. It was somewhat unexpected that larger nanorods could be modified with the same fluence as the smaller ones, because the former scatter more light (20) . This implies that the losses are compensated by some mechanism, allowing efficient reshaping with a lower energy per atom.
Under the selected experimental conditions (constant laser fluence and LSPR matching the laser wavelength), the energy deposited on one nanorod by a laser pulse is mainly determined by two factors: (i) the absorption cross section (s abs ) at the laser wavelength, which ultimately depends on the nanorod aspect ratio, and (ii) the orientation of the nanorod with respect to the laser polarization (Fig. 3A) . Thus, it proved difficult to determine the exact amount of energy deposited during a single shot, because the nanorods are randomly aligned in solution during irradiation, and the polydispersity in the aspect ratio translates into different values of s abs . Hence, obtaining explicit equations for the aspect ratio variation as a function of irradiation fluence became impossible. We developed a MC code that could precisely determine the amount of energy deposited by each laser pulse on an arbitrary nanorod in the solution (Fig. 3 and figs. S13 to S16) (28) . The only unknown quantity was the variation of the aspect ratio as a function of the energy, which depended on the initial aspect ratio (r 0 ) because nanorods with a lower anisotropy would be more thermodynamically stable (23) . We thus used the assumption, subsequently confirmed by MD simulations, that the normalized variation of the aspect ratio, D = (r 0 -r)/(r 0 -1), was independent of r 0 .
We first determined the aspect ratio distribution in the colloids as a function of the number of laser pulses from a fit of the optical density spectra of gold nanorods, measured in situ during irradiation. This procedure was repeated at different fluences, as illustrated in Fig. 3 , B and C, for 3.2 and 5.1 J/m 2 . Then, the MC code was used to derive the experimental variation of D as a function of deposited energy, D(E). There was close agreement between the experimental and simulated evolution of aspect ratios in the colloids under different irradiation conditions, as shown in Fig. 3 , E to I, and fig. S16 (28) . The D(E) curve exhibits two well-defined regions (Fig. 3G ): Below~0.48 eV/atom, the modification of the nanorod by a single pulse was almost negligible, whereas it increased dramatically above this threshold.
However, nanorods may be reshaped even below this threshold through the cumulative effect of several pulses. This is precisely the optimal region, because it allows the gentle multishot modification of the aspect ratio, resulting in a gradual reduction of the polydispersity (Fig. 3H) . Above this threshold, morphological transformations occur too fast and, although the polydispersity may be slightly reduced, we observed undesirable effects. Examples of such effects include the formation of a substantial number of particles with other morphologies (Fig. 4) and even a decrease in the number of nanoparticles, probably because of a certain degree of rod fragmentation upon irradiation (Fig. 3I) .
The mechanism behind gentle nanorod reshaping thus relies on two effects: (i) the strong dependence of the energy absorbed by the nanorod on its aspect ratio (Fig. 3D) , and (ii) the lower thermodynamic stability of the nanorods with larger aspect ratios (18) . Nanorods with an LSPR band in resonance with the laser pulses absorb much more energy. As their aspect ratio is reduced, the amount of energy absorbed is concomitantly decreased until it is not sufficient for reshaping. Additionally, nanorods with larger elongations undergo a faster reshaping (i.e., the variation of aspect ratio for a single pulse is larger), owing to their lower thermodynamic stability. Thus, they are modified even when the energy absorbed would not affect nanorods with lower aspect ratios. The synergy between these two effects results in an increased concentration of nanorods with similar aspect ratios.
To better understand nanorod deformation, we performed MD simulations on full gold nanorods with aspect ratios of 3.25, 3.53, and 3.87, excited at different energies, up tõ 0.5 eV/atom (Fig. 4 and fig. S17 ). When energy was deposited on a nanorod by a femtosecond laser pulse, its temperature increased up to a certain value (for example, up to~1900 K for 0.5 eV/atom in~5.8 × 10 5 atoms) within an ultrashort time, typically below 10 ps ( fig. S18 ) (34) . Additionally, whereas it has been reported that the time constant of heat transfer from gold nanorods to water is t~60 ps (35), CTAB capping molecules at concentrations around the cmc acted as a thermal barrier for water, dramatically reducing the dissipation of heat (t~350 ps) (36) .
This difference between heating and cooling time scales-related to electron-phonon and phonon-phonon coupling at the nanorod surface, respectively-rendered the temperature increase nearly independent of its thermal environment. Nonetheless, heat dissipation into the surrounding medium depended strongly on the environment (36) . Hence, thermal insulation determined the observed differences in the evolution of nanorod colloids under different irradiation conditions. For the MD simulations, we included only the nanoparticles, ignoring the presence of the surfactant, because (i) CTAB was difficult to simulate at this temperature range (up to 1900 K) with the existing potentials, and (ii) CTAB molecules were most likely decomposed by the laser pulse and subsequently replaced by "fresh" molecules in a colloidal equilibrium process (31) . The influence of thermal insulation was thus included in the MD simulations using a Langevin frictional force with a characteristic t (28), producing a temperature decay similar to that expected for nanorods directly immersed in water or covered by CTAB: t~60 and 350 ps, respectively (34, 35 ) .
The results from MD simulations (performed with a t of 350 ps) are summarized in Fig. 4 . If heat was transferred from a nanorod into the surrounding water molecules too quickly (e.g., bare particles immersed in water), either the deformation occurred too slowly or the fraction of heavily modified (or fragmented) nanorods was too high, which made it impossible to identify useful irradiation regimes (Fig. 4B) . However, slower cooling allowed for gentle reshaping of the gold nanorods. The effect of the total energy deposited throughout the deformation process is illustrated in Fig. 4A . For low energies (below 0.3 eV/atom), deformation was very gentle, and only a multishot process could produce considerable variations in the aspect ratio.
For higher energies, even a single shot led to substantial deformation, so that the rodlike shape was not preserved. At sufficiently high energies (above 0.45 eV/atom), the nanorods were readily transformed into spheres (Fig. 4C) . This finding is not a coincidence, because the melting temperature of gold (~1337 K) could be reached for energies above 0.3 eV/atom (22) . The reliability of the MD simulations is reinforced by the prediction of intermediate morphologies that were observed by TEM (Fig. 4D) . The aspect ratio variation predicted by MD simulations followed the same trend as the experimental curve obtained from the MC analysis (Fig. 4A) . This result supports the assumption that the deformation of gold nanorods was governed by control over the heat dissipation rate, which was appropriately slowed down in the presence of CTAB at its cmc (Fig. 1) . Above the cmc, where lower dissipation rates are expected, the partial formation of nonrod-shaped nanoparticles, analogous to those obtained at high energies, was confirmed by TEM ( Fig. 4E and fig. S7 ). This finding means that an increase in CTAB concentration may affect the first region of the D(E) curve, in such a way that nanorod reshaping by a single pulse is more obvious.
The energy absorbed by the plasmon is eventually transferred into the nanocrystal lattice through electron-phonon relaxation processes, increasing the temperature of the nanorods and inducing reshaping mediated by gold atom diffusion (33, 34) . There is a~25% shift between the energy deposited in the electronic (LSPR) and atomic (thermal energy) systems, as determined from the MC and MD simulations, respectively, which implies a conversion efficiency of h = 0.75 (Fig. 4A) .
Heat transfer to the medium during energy deposition into the nanorod atoms can be neglected because the characteristic time for electron-phonon coupling is much shorter than that for phonon-phonon coupling. Moreover, energy can be partly transferred to the surrounding water and surfactant molecules as hot charge carriers (e.g., through plasmon decay into molecular adsorbate levels and/or hot electron-hole pair production) during ultrafast energy deposition in the plasmon, on time scales from a few to tens of femtoseconds (37) . Although classical models predict that direct charge transfer accounts for only a small fraction of the total energy (38), theoretical and experimental evidence suggests that this fraction can be above 20% in certain plasmonic systems (39, 40) . This mechanism for energy loss is particularly important for small nanoparticles (37) and explains the effect observed for particles with larger volumes, which are reshaped with less energy per atom.
Because hot electron production is strongly suppressed for large nanoparticles (37), a larger fraction of the absorbed energy is available for the rod reshaping process, compensating other potential pathways for energy loss (e.g., light scattering).
Although femtosecond laser pulses can be used to selectively reshape gold nanorods, this useful irradiation regime can only be achieved after careful selection of the chemical environment and irradiation fluence. MC and MD simulations revealed that the nanorod modification kinetics depend on two related parameters: the total energy deposited on the nanoparticle and the heat dissipation rate into water. The former parameter can be readily controlled by means of the irradiation fluence, but the same is not true for the latter. Addition of CTAB molecules at the cmc concentration results in a regime characterized by two well-defined regions. At lower energies, the variation of the aspect ratio is sufficiently gentle, which constitutes the basis of our method for the efficient production of nanorod colloids with very narrow aspect ratio distributions. Above a certain energy threshold, the nanorods are drastically modified by a single laser pulse, making controlled modification impossible. Thus, deviation from the cmc concentration renders femtosecond laser irradiation unfeasible for practical control. The method described here is simple, reproducible, and scalable, and the optical response of the resulting gold nanorod colloids approaches the theoretical limit, rendering it a highly appealing approach toward improving and expanding the applications of plasmonic nanorods.
